ABSTRACT
INTRODUCTION

34
Human populations are constantly exposed to viral particles, whether it is through direct 35 or indirect contacts with an infected individual or through contaminated environments. Despite 36 precautions, we remain at risk of exposure to infective viral particles, particularly through the 37 airborne route. This mode of transmission is difficult to control in our everyday lives due to the in the spread of some viruses such as the influenza virus is still a subject of debate (6).
45
Aerosolized particles may be involved in viral transmission at short range through 46 contamination of fomites by the rapid deposition of large droplets. However, true aerosol 47 dissemination implies that sufficiently small infectious particles remain airborne for a prolonged 48 period (2). Particles smaller than five micrometers in aerodynamic diameter have the potential to 49 travel long distances as they sediment more slowly. However, these smaller particles also harbour
MATERIALS AND METHODS
80
Bacteriophages. The phages used in this study are described in Table 1 
86
Phages MS2 and ΦX174 were propagated in liquid cultures on their respective hosts as 87 described previously (9, 10) . Phage PR772 was propagated on its host on Tryptic Soy Broth
88
(TSB) supplemented with agarose (0.75%) as reported elsewhere (16). Phage Φ6 was propagated 89 on its bacterial host on TSB soft agar (0.75%) as described (10) but with minor modifications.
90
Briefly, a liquefied preparation of TSB supplemented with 0.75% agar was inoculated with an 91 overnight culture of P. syringae. A stock suspension of Φ6 was added to the inoculated medium 92 and poured over Tryptic Soy Agar (TSA) plates. Plates were then incubated overnight at 25°C 93 and plates with nearly confluent plaque forming units (PFU) were selected for phage extraction.
94
The soft agar was scrapped from the plates and transferred into tubes containing five ml of phage 95 buffer (20 mM Tris-HCl, pH 7.4; 100 mM NaCl; 10 mM MgSO4 and the infectivity assays were performed within 3 hours following sampling.
136
Effects of relative humidity and temperature on airborne phages. To evaluate the effects of 137 temperature and relative humidity on the infectivity of airborne phages, RH levels of 20% (low)
138
and 50% (medium) were assayed at 18°C whereas RH of 80% was assayed at 18°C and 30°C.
139
The desired levels of RH were obtained by passing the aerosol through various desiccant-filled 140 pipes (17). At 18°C, 20% RH was obtained by passing the aerosol through 60 inches of desiccant,
141
50% RH with 36 inches and 80% RH with 12 inches. In order to attain 80% RH at 30°C, an extra 142 source of humidified air was used instead of the desiccators. The air was humidified inside the 143 rotating chamber through a separate inlet port concomitantly virus nebulisation.
144
Effects of UV-C exposure on airborne phages. The 254 nm UV-C low-pressure mercury lamp 145 inside the drum was used to assess the effects of ultraviolet radiations on the integrity of airborne 146 viruses. As indicated above, a UV sensor probe was placed five cm from the source to ensure repeatability between experiments. Phage preparations were nebulised into the drum as described 148 above. The chamber was sealed and the aerosol was allowed to stabilize inside the rotating 149 chamber for 15 minutes. The temperature inside the chamber was kept at 18°C with a relative 150 humidity of 20%. The UV-C light was then turned on for a period of 3, 6 or 10 seconds; controls
151
without UV-C exposure were also performed. Aerosol samples were taken 1 minute after the UV 152 exposure with a BioSampler® as described above.
153
Plaque assays. Plaque assays were performed according to standard protocols using liquefied procedures differed, the rank transformation was preferred. When necessary, "a posteriori" 204 comparisons were performed using the Tukey's technique.
205
Effect of UV exposure on infectivity of aerosolised bacteriophages was analyzed using a mixed inside the chamber were described previously (17).
228
Temperature and relative humidity measurements. 
251
Effect of temperature on the infectivity of airborne phages. Phage-containing aerosols were 252 exposed for 0, 6 or 14 hours at 18°C or 30°C and at a constant RH of 80% (Fig. 2 ). Plaques were 253 observed for all phages at time 0 with the exception of Φ6 which did not form any plaque after 254 aerosolisation at 30°C. Phage ΦX174 was resistant to both temperatures, but resist better at 18°C 255 (p< 0.05), although, there was a decrease of ΦX174 infectivity after 14h of exposure (p< 0.05).
256
Phage PR772 was sensitive to both temperature, as its relative infectivity after 6h and 14h 257 exposure was significantly lower than at the reference time 0h. At 80% HR, phage Φ6 was 258 remarkably unstable after 0h, 6h or 14h at both temperature. Finally, phage MS2 was stable for 259 6h exposure at both temperatures but its infectivity decreased after 14h at 30°C (p< 0.05).
260
Resistance of airborne phage to UV. Phages were aerosolized at 18°C/20% RH and exposed to
261
UV light for 0, 3, 6 or 10 seconds (Fig. 3) . A significant effect was noticeable starting at 3 262 seconds of UV exposure for all phages (p< 0.0001). Phages displayed various resistance levels to 263 UV. MS2 was significantly more resistant (p< 0.005) whilst ΦX174 was the most sensitive.
DISCUSSION
266
The aim of this study was to compare the effects of environmental conditions on the 267 integrity of four structurally and genetically distinct non-pathogenic phages in aerosols. Four tail-268 less phages, including MS2, which is frequently used as a surrogate for eukaryotic viruses, were 269 nebulised into a rotating chamber and exposed to various environmental conditions. Their 270 infectivity was measured immediately after nebulisation as well as after six hours and 14 hours of 271 exposure to the controlled conditions of temperature, relative humidity, and ultraviolet radiations.
272
All four phages were nebulised and sampled simultaneously, thereby limiting the variables to the 
294
The enveloped phage φ6 was more resistant to lower levels of RH, which is consistent 295 with some observations suggesting that enveloped viruses, such as influenza virus, are more 296 resistant to drier and cooler conditions (11). Nevertheless, similar structural components do not 297 predict viral resistance. Phage MS2, which does not have an envelope, was also stable at lower 298 RH levels. This highlights the multifactorial nature of viral resistance to environmental stresses.
299
The nebulisation liquid can also have an impact on the outcome of aerosol resistance 
319
There is an increasing interest in the short-and long-term fate of airborne viruses and 320 their potential to cause infection after a prolonged exposure to environmental stress factors. One 321 of the major pitfalls for the generation of a sufficient amount of data to start raising some general 322 outlines linking viral structures to their airborne stability is the difficulty to study pathogenic 323 viruses in standard laboratory conditions. In our opinion, the use of phages is a good compromise 324 to establish some general guidelines without the need for advanced biosecurity precautions. 
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on October 2, 2017 by guest http://aem.asm.org/ Experiments were conducted at 18°C with various RH (! 20%, " 50%, ! 80%). The infectious ratios after 6h and 14h exposure were compared to the infectious ratio at 0h to calculate the relative infectious ratio. The dotted line indicates the reference value at time 0. * indicates a significant difference with the reference value (p<0.05). a and b indicate significant differences between relative infectious ratios at different RH. The reference value (time 0) was below the detection limit for phage Φ6 at 20% and 80% RH for one of three replicates, and at 50% for two of four replicates. 
FIG 2
Effects of temperature and time of aerosol suspension on phage infectivity. Experiments were conducted at 80% RH under two temperatures (! 18°C and " 30°C). The infectious ratios after 6h and 14h exposure were compared to the infectious ratio at 0h exposure to calculate the relative infectious ratio. The dotted line indicates the reference value at time 0. * indicates significant difference with the reference value at time 0 (p<0.05). a and b indicate significant differences between relative infectious ratio at different temperature. £ and § indicate significant effect of exposure time. The reference value (time 0) for phage Φ6 was below the detection limit at 18°C for one replicate out of three experiments. All data point (including reference value) at 30°C for phage Φ6 were below detection limit. 
